The endothelial nitric oxide synthase gene (NOS3) has been proposed as a candidate gene for breast cancer (BC), however, the specific role of variants and haplotypes has not been clarified. We examined the association of two polymorphisms (4b/a and G894T) and their haplotypes in a case-control sample of 306 patients with BC and in 131 healthy females. In addition, a meta-analysis of studies investigating association between NOS3 polymorphisms and BC was conducted. The single locus analysis for the two polymorphisms revealed an association only for the 4b/a polymorphism, but adjustment for age diminished this association (odds ratio (OR) (95% confidence interval)¼0.98 (0.34-2.81)). The analysis of haplotypes showed an association for two haplotypes involving the 894T allele (bT and aT) (Po0.05). The meta-analysis for both polymorphisms produced nonsignificant associations without significant heterogeneity. A positive association was detected for the promoter T786C polymorphism (pooled OR¼1.51 (1.07-2.12)), but this comparison was based on few studies. The available evidence from our study and the meta-analysis cannot support a major contributory role of these common NOS3 polymorphisms in BC, although future larger studies may help in drawing safer conclusions about the genetics of BC.
INTRODUCTION
Breast cancer (BC) is the most commonly occurring cancer among women, with an estimated incidence rate of one million cases per year worldwide. Although epidemiological studies have established many etiological factors, such as ionizing radiation, exogenous hormones and alcohol consumption, substantial evidence shows that genetic susceptibility has a significant role in an individual's risk of developing BC. 1 Germline mutations in high-penetrance BC susceptibility genes, such as BRCA1 and BRCA2, account for the majority of familial cancers but only for 5-10% of all BC cases. For most sporadic BC cases, genetic susceptibility is still poorly understood and the search for low-penetrance genes by hypothesis-driven candidate-gene studies or agnostic approaches is ongoing. 2 On the basis of biochemical evidence implicating nitric oxide in breast carcinogenesis, [3] [4] [5] the endothelial nitric oxide synthase gene (NOS3) has emerged as a candidate gene for BC. Among the tested variants of the NOS3 gene, a non-synonymous single-nucleotide polymorphism (G894T substitution in exon 7-rs1799983) and a variable number of tandem repeats in intron 4 (4b/a) have been commonly tested in association with BC, on the basis of their potential functional effects 6 and their relatively high minor allele frequency in various ethnic groups. [7] [8] [9] [10] [11] [12] [13] [14] [15] Candidate-gene studies have nevertheless a poor replication record, which has necessitated the use of stringent validation criteria. Inconsistent results have been also reported by previous studies on the NOS3 and BC association. [7] [8] [9] [10] [11] [12] [13] [14] [15] Furthermore, agnostic evidence generated by eight genome-wide association studies (GWASs) has not shown any role for NOS3 region variants. 16 Consequently, the status of associations for variants from candidate-gene studies remains equivocal. Meta-analysis of individual studies provides a natural framework for testing for replication, by considering the totality of available evidence. 17, 18 Particularly for genetic associations, field synopses that catalog and cumulatively synthesize all available candidate-gene studies have shown that most of the proposed associations are refuted in the long term. [19] [20] [21] [22] In the absence of a comprehensive genetic database for BC, evidence synthesis efforts for intensively researched genes can be informative.
In this project, we aimed to test the proposed association between the two most commonly investigated NOS3 polymorphisms (G894T and 4b/a) in a genetic association study (GAS) for BC in a homogeneous population of Caucasian origin (Greeks), by considering gene haplotype analyses as well. Furthermore, to provide conclusive evidence on these associations, we performed a cumulative meta-analysis of all available GAS for BC and NOS3 polymorphisms, which also involved explorations for the presence of heterogeneity and potential bias. 18, 17 
MATERIALS AND METHODS

Genetic association study
Study population. A total of 306 cases with BC and 131 controls were recruited from the University Hospital of Larissa. All patients were females treated with chemotherapy (combinations of 5-fluorouracil, anthracycline, taxanes and cyclophosphamide) for BC and provided a written informed consent. The mean age ( ± s.d.) of cases and controls was 60.9 ± 11.9 and 40.7±16.9, respectively. Controls were free of chronic illness (renal, cardiovascular, mental, hepatic, endocrine disorders or cancer), without any history of malignancy and unrelated by blood to cases. A blood sample for biochemical measurements and DNA extraction was taken from each individual.
Laboratory assays. Genomic DNA was extracted from whole blood using the QIAamp DNA blood kit (QIAGEN, Valencia, CA, USA) following the manufacturer's instruction. Genotyping of each polymorphism was performed by amplification from 50 to 100 ng of genomic DNA. The primer sequences used and the laboratory conditions for genotyping (polymerase chain reaction, restriction enzymes, agarose electrophoresis) for each NOS3 polymorphism have been previously described. 23, 24 Genotyping was performed by laboratory personnel blinded to clinical status.
Data analysis. The genotypic distribution in the control group was tested for compliance with the Hardy-Weinberg Equilibrium (HWE) and the existence of linkage disequilibrium (LD) between the two polymorphisms in both cases and controls was tested by using exact tests according to Weir. 25 Haplotype frequencies were estimated and compared using PHASE v2.1. 26 The genotype distribution, allele contrast and dominant and recessive models of the cases were compared with those of the control group using a logistic model. The association between genotype distribution and group effect (cases/controls) was tested using the w 2 -test. The significance of the genetic contrasts was also evaluated using Fisher's exact test. 17 The comparison associations were expressed in terms of odds ratio (OR), unadjusted and adjusted for age, with the corresponding 95% confidence interval. A P-value o0.05 was considered statistically significant.
Meta-analysis
Identification and eligibility of relevant studies. We searched PubMed (until December 2009) for articles using combinations of the following terms: (gene or polymorphism or variant or allele or mutation) and (endothelial nitric oxide synthase or NOS3 or 'endothelial nitric oxide synthase' or 'nitric oxide synthase') and ('BC' or 'breast neoplasm'). The retrieved studies were then read in their entirety to assess their appropriateness for inclusion in the meta-analysis. All references cited in the studies were also reviewed to identify additional published work not indexed by the PubMed database.
GASs that determined the genotype distribution of NOS3 G894T and 4b/a gene polymorphisms in cases with BC and in controls free from BC were eligible for inclusion in the meta-analysis. We also included studies investigating the T786C polymorphism in order to provide a comprehensive synthesis of NOS3-related GAS, despite the fact that this polymorphism was not considered in our GAS protocol and was thus not analyzed. Only studies in human subjects that have used validated genotyping methods were considered. Case reports, editorials and review articles were excluded. Non-English articles were also excluded. In studies with overlapping cases or controls, the most recent and/or the largest in size study with extractable data was included in the metaanalysis. Family-based association and linkage studies were not considered because of different design considerations. 27, 28 Data extraction. From each study, the following information was abstracted: first author, journal, year of publication, ethnicity of the study population, demographics, clinical characteristics, matching, validity of the genotyping method and the number of cases and controls for each polymorphism's genotypes. The frequencies of the alleles and genotypic distributions were extracted or calculated, for both cases and controls. In addition, it was recorded whether the genotyping in each study was performed blinded to clinical status. In studies that investigated more than one polymorphism, information on LD and haplotype estimation (or combined genotypes) was recorded.
Data synthesis. The meta-analysis examined the association between each polymorphism and the risk of BC for (i) the allele contrast (mutant type versus wild-type allele), and (ii) the recessive and (iii) dominant models of the mutant allele. The associations were indicated as a pooled OR with the corresponding 95% confidence interval. 17, 18 Heterogeneity between studies was tested using the Q-statistic, which is a weighted sum of squares of the deviations of individual study OR estimates from the overall estimate. 29 When ORs are homogeneous, Q follows a w 2 distribution with r-1 (r is the number of studies) degrees of freedom (d.f.). If Po0.10 then the heterogeneity was considered statistically significant. Heterogeneity was quantified with the I 2 metric (I 2 ¼(Q-d.f.)/Q), which is independent of the number of studies in the meta-analysis. 30 I 2 takes values between 0 and 100%, with higher values denoting greater degree of heterogeneity (I 2 ¼0-25%: no heterogeneity; I 2 ¼25-50%: moderate heterogeneity; I 2 ¼50-75%: large heterogeneity; I 2 ¼75-100%: extreme heterogeneity). The pooled OR was estimated using random effects (DerSimonian and Laird) models. 31 Random effects modeling assumes a genuine diversity in the results of various studies, and it incorporates a between-study variance into the calculations. 17, 18 A cumulative meta-analysis was carried out for the allele contrast of polymorphisms investigated in at least three information steps. In cumulative meta-analysis, studies were chronologically ordered by publication year, then, the pooled ORs were obtained at the end of each year; that is, at each information step. Cumulative meta-analysis provides a framework for updating a genetic effect from all studies as evidence accumulates. Thus, cumulative meta-analysis indicates the trend in estimated risk effect over time. 17, 18 A differential magnitude of effect in large versus small studies for the allele contrast of the most commonly studied polymorphism was checked using the test proposed by Harbord et al. 32 The meta-analysis consisted of the main (overall) analysis, which includes all available data and subgroup analyses by 'racial' descent. A sensitivity analysis that examines the effect of excluding specific studies was also carried out. 17 The distribution of the genotypes in the healthy control group was tested to determine whether it is in HWE using an exact test. The meta-analysis was subjected to sensitivity analysis for studies with the controls not in HWE. Analyses were performed using CUMAGAS (http://biomath.med.uth.gr) and Compaq Visual Fortran90 with the International Mathematics and Statistics Library (Compaq Computer Corporation, Houston, TX, USA). 19, 20, 33 
RESULTS
Genetic association study
The clinical characteristics of cases are shown in Table 1 . The distributions of NOS3 G894T and 4b/a genotypes were not associated with clinical status and are presented in Table 2 . The genotype distribution in controls was in HWE for both polymorphisms, indicating a lack of stratification and/or genotyping error (P¼0.62 for 4b/a and P¼0.56 for TG894T). Table 3 shows the association results for the allele contrast, the recessive and dominant models for the mutant alleles. For G894T polymorphism, none of the genetic contrasts produced significant results. Regarding the 4b/a polymorphism, the recessive model produced a marginal association (unadjusted OR¼1.56 (1.02-2.38)), which was not significant in the age-adjusted model (adjusted OR¼0.98 (0.34-2.81)). In the subgroup analysis by menopausal status (Table 3) , both polymorphisms derived nonsignificant association for all examined contrasts.
In the patient population, the two polymorphisms were in LD (P¼0.02), whereas no LD was detected in controls (P¼0.22).
The distribution of the estimated haplotype distribution of the two NOS3 polymorphisms for BC cases and controls is presented in Table 4 . The global test of association was not significant for the comparison of haplotypes between cases and controls (P¼0.26). However, the estimated frequencies of haplotypes bT and aT were different in cases and controls (P¼0.04 and Po0.01, respectively). This difference might be due to the LD between the two polymorphisms or due to an interaction between the two polymorphisms, given that the association for individual polymorphisms was generally not significant in the main analyses.
Meta-analysis
Eligible studies and their characteristics. The literature review identified 49 titles in PubMed that met the search criteria. The full articles of the retrieved studies were read to assess their appropriateness for meta-analysis according to the inclusion criteria. Nine articles were considered to be potentially eligible after the article review. [7] [8] [9] [10] [11] [12] [13] [14] [15] In one article, 7 the subjects overlapped with the subjects of the more recent and larger study by Li et al., 8 which was eventually included in the meta-analysis. In another article, 15 the data were not extractable. Seven articles [8] [9] [10] [11] [12] [13] [14] that investigated the association between any of the G894T, 4b/a and T786C polymorphisms and BC met the inclusion criteria. Genotypic information on NOS3 variants was not available (in publication tables or online appendices) from the eight GWAS conducted to date. Thus, in total, eight articles (the seven identified in PubMed and the present GAS, referred to as Zintzaras) were included in the meta-analysis. The eligible studies were published between 2003 and 2009. The articles were reviewed and data were extracted by two investigators (EZ and GK); disagreements were resolved after a discussion between the authors. Eight studies dealt with G894T (Zintzaras), [8] [9] [10] [11] [12] [13] [14] three with 4b/a (Zintzaras) 10,11 and three with T786C. 9, 10, 12 The studies that investigated 4b/a or T786C had also investigated G894T. Two studies 9,10 investigated the three polymorphisms together: G894T, 4b/a and T786C. Validated genotyping methods were used in all studies for the determination of genotypes. Three studies stated that the controls were age matched. 10, 12, 13 Studies were conducted in populations of various racial descents: five involved Whites (Zintzaras), 10, 11, 12, 14 one East Asian 9 and two involved mixed populations. 8, 13 Overall, the studies provided 3828/3124, 996/824 and 1856/1470 cases/controls for G894T, 4b/a and T786C. The distribution of genotypes in the control group deviated from HWE in one study for G894T. 9 As lack of HWE indicates possible genotyping errors and/ or population stratification, a sensitivity analysis was therefore carried out excluding this study. Three of the studies (including the study by Zintzaras) provided analyses of haplotypes. 9, 10 One study 9 reported existence of LD between G894T and T786C, whereas another study 10 reported lack of LD between G894T, 4b/a and T786C. The present GAS (Zintzaras) reported lack of LD between G894T and 4b/a in the control group but existence of LD in the case group.
Main results, subgroup and sensitivity analyses. Table 5 shows the results for the association between the different polymorphisms and the risk of BC. For the G894T polymorphism, the allele contrast T versus G showed nonsignificant heterogeneity among studies (P¼0.76, I 2 ¼0%) and the pooled OR was not significant (OR¼1.06 (0.98-1.15)) (Figure 1 ). The recessive model for the effect of allele T produced a marginal association (OR¼1.22 (1.00-1.49)), whereas the dominant model derived nonsignificant results. In subgroup analysis, the association was not significant for Whites. The sensitivity analysis (exclusion of the study with the controls not in HWE) did not alter the pattern of results in all polymorphisms and contrasts.
For the 4b/a polymorphism, overall, the heterogeneity between studies was not significant (P¼0.21, I 2 ¼36%), and allele b was not associated with risk of BC compared with the a allele (OR¼1.07 (0.85-1.34)). The recessive and dominant models also produced nonsignificant associations.
Finally, a significant association between the T786C polymorphism and the risk of developing BC for the recessive model was found (OR¼1.51 (1.07-2.12)). However, the result was based on very few studies and the interpretation of results should be cautious.
Potential bias. None of the studies included in the meta-analysis stated that genotyping was performed blinded to clinical status. In cumulative Table 5 Random effects ORs with their respective 95% CIs and heterogeneity results (I 2 (%) and P Q -value) for the genetic contrasts of (a) G894T, (b) 4b/a and (c) T786C NOS3 polymorphisms for breast cancer
Variant
Genetic contrast Population Studies OR (95% CI) meta-analysis, the G894T polymorphism showed a downward trend of association as evidence accumulates and the association remained nonsignificant for the whole period ( Figure 2 ). The test by Harbord et al. 32 for G894T indicated that there is no differential magnitude of effect in large versus small studies (P¼0.20).
DISCUSSION
This study evaluated relations between common genetic variants and haplotypes in the NOS3 gene with BC. The single locus analysis among the two most commonly studied polymorphisms (G894T and 4b/a) revealed an association only for the 4b/a polymorphism, but adjustment for age diminished this association. The analysis of haplotypes showed an association for two haplotypes involving the 894T allele.
The subsequent meta-analysis examined the NOS3 G894T, 4b/a and T786C polymorphisms and their relationship to susceptibility for BC. The strength of the present meta-analysis was based on the accumulation of data, providing more information to detect significant differences. Main and subgroup analyses in Whites for the allele contrast, as well as for the recessive and dominant models for G894T and 4b/a polymorphisms, have produced nonsignificant results. However, the T786C polymorphism showed an association, but the result was based on very few studies. There was consistency of genetic effects across different ethnicities as the results in Whites did not differentiate from the overall effect. Although the meta-analysis of G894T and 4b/a polymorphisms produced nonsignificant association, the meta-analysis provided useful information for the uncertainty of the estimated genetic risk; that is, the pooled OR excluded with 95% certainty the fact that 894T-carriers and 4b-carriers would have 410 and 25% increased risk of BC, respectively. The heterogeneity between studies was, in general, low, without an indication of a differential magnitude of effect in large versus small studies.
The conclusions reached in the present analysis of GAS and metaanalysis were based on relatively small numbers of studies and participants for each gene polymorphism and, therefore, any inferences have to be cautious. Candidate-gene studies have a tendency to lack the power to detect weak genetic associations of common variants. 17, 18 For example, to achieve a power 480% to identify a modest genetic effect (OR 1.2) of a polymorphism present in 10% of the population, a sample size of 10 000 subjects or more would be needed. 17, 18, 34 Therefore, the sample sizes required to detect an association have to be far beyond what is currently available and no single institution will be able to provide a reasonable number of patients. 19 Meta-analysis of multiple studies has a clear role in offering an analysis with the potential for enhanced power and it has been advocated that publication of each GAS should be accompanied by an updated meta-analysis that places all available evidence in context. 17, 18 Our GAS did not detect a significant role of individual NOS3 polymorphisms and these findings were supported by the metaanalysis results.
In the meta-analysis, only the unadjusted pooled ORs were calculated, as data for possible confounding factors that influence the estimates of associations (for example, age and lifestyle) were not provided. Sampling variability and stratification in GAS could be potential confounding factors on the role of genetic variants. 35, 17 The existence of diversity of these factors across studies may result in the presence of heterogeneity. In addition, the risk effect may depend on interaction with other risk factors that collectively modulate the development of BC. 8 It has been reported that the polymorphisms might be in LD, and interaction of the polymorphisms within haplotypes can be a major determinant of disease susceptibility than can be the individual polymorphism. 33, 36, 34 Thus, individual NOS3 genotypes might not be reliable markers of risk for developing BC. The haplotype analysis approach is expected to be more powerful than single-marker analysis, because of the ancestral structure incarcerated in the distribution of haplotypes. 37, 38 Particularly if the markers used define mutations within functional DNA, then the haplotypes composed of these markers can have more of a biological role. In our analysis, we focused on haplotypes defined by the two most commonly investigated and potentially functional NOS3 variants (instead of other tested variants or HapMap tagging polymorphisms) because we aimed to update the examined associations in the context of meta-analysis. Although a meta-analysis of NOS3 haplotypes may provide more reliable information than single polymorphisms, 39 such an approach was not feasible in this study, as haplotypes were not defined by all previous studies.
Interestingly, no positive association signal for the NOS3 gene or the 7q36 locus has been detected to date from the eight published GWASs for BC. 16 Although the culprit genetic variation in the NOS3 gene has not been elucidated and as GWASs have largely focused on common variants, unknown rare variants or structural variation tagged by G894T or 4b/a may account for the inconsistent associations of these common variants. 34, 40 However, the available evidence from candidate-gene and hypothesis-free studies cannot support a major contributory role of G894T and 4b/a in BC pathogenesis.
In conclusion, the GAS detected an association for two NOS3 haplotypes and BC in the main analysis and the meta-analysis of individual polymorphisms showed that there is significant association between T786C polymorphism and the risk of developing BC. The results of the present individual GAS and meta-analysis should be interpreted with some degree of caution, as the numbers of studies and participants were relatively small. However, BC is a complex disease with multifactorial etiology, and therefore, a minor contributory pathogenetic role of NOS3 variants in conjunction with other genetic or environmental factors cannot be excluded. 2 Collaborative research in BC may help in identifying the contributing role of variants by performing GAS and GWASs with adequate power. 33, 34, 17, 19, 20 Furthermore, the design of rigorous studies for investigating epistatic and gene-environment interactions and the use of data generated by genomic studies may help in deriving more conclusive claims about the genetics of BC.
